Abstract-One miniaturized multilayer dual-band bandpass filter (BPF) is developed using standard low temperature co-fired ceramic (LTCC) technology. The filter makes use of four double-folded substrate integrated waveguide (SIW) resonators. Two sets of coupling paths between the source and load are implemented to generate dualband responses. Utilizing this method, the two passbands can operate at independent frequencies and the bandwidth can be easily controlled. High isolation is obtained between two passbands, and two pairs of transmission zeros close to the passband edges are generated by sourceload coupling, resulting in high skirt-selectivity. Good agreement between the simulated and measured results of the filter sample is obtained, with its high electrical performance validated.
INTRODUCTION
Recently, SIWs, formed by placing two rows of metallic via-holes, either in printed circuit board (PCB) or in LTCC substrate, have been widely studied for microwave and millimeter wave applications. Due to their advantages of high Q-factor, high power handling capability, low loss, low cost, and compact size [1] , there have been a great number of applications in various circuit designs based on SIW structures, especially in compact filter designs [2] [3] [4] [5] [6] . The SIW filters stand on a vantage point not only for the advantages of traditional waveguide filters and easy integration with planar circuits, but also because the coupling coefficients can be controlled accurately at each band by slots or via spacing. Since resonators are the basic components of filters, several approaches for design of miniaturized waveguide resonators have been developed. One of the practical methods is double-folded waveguide resonator [7, 8] . The concept of combining SIW and folded waveguide technologies has been introduced for further reducing the SIW width [9] . The improved structure has only half the width of its equivalent SIW structure, but retains the similar cutoff and propagation characteristics [10] . Thus, folded SIW cavity is a good choice for the miniaturized filter designs [9] [10] [11] [12] [13] [14] [15] .
On the other hand, we would like to indicate that dual-band BPFs are very useful for multiband wireless communications. In the past years, many researches have been carried out for developing new dual-band BPFs [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . One of the simplest methods is by connecting two different passband BPFs in parallel to obtain the dual-band characteristics [18] [19] [20] [21] , and it has the advantage of two controllable bandwidths. Dual-band resonators such as steppedimpedance resonators (SIRs) are suitable for the dual-band filter designs, because the ratio of the fundamental frequency and the higher order mode frequencies can be controlled and the spurious frequency responses can be utilized to create second passband [22] [23] [24] [25] . However, most of them are focused on the realization of microstrip or coplanar waveguide dual-band BPFs and fabricated using PCB technology. More recently, some dual-band SIW filters have already been proposed by using inverter coupled resonator sections or taking advantage of the existence of multiple cavity modes, but the realization of dual-band filters using compact SIW structures is not widely researched until now [26] [27] [28] .
In this paper, a dual-band BPF is designed by using four double-folded SIW resonators, and fabricated using standard LTCC technology.
Two coupling paths are utilized to provide two independent signal paths. It is found that the center frequency and bandwidth of one passband can be easily tuned, while the other one are kept unchanged. In addition, source-load coupling is also employed to create four transmission zeros near the passbands edges, resulting in high skirt selectivity. Based on the idea, a filter sample is implemented. The measured results exhibit good agreement with the full-wave simulation results, and its high electrical performance of the filter is validated. Figure 1 shows the geometry of a double-folded SIW resonator, where the width and length of the resonator are both set to 5.0 mm, g is the width of the L-shaped slot in the central metal plane, and s is the distance between the slot and metallic via-holes. Since the rectangular TE 101 waveguide resonator is folded along the thickness direction twice, there is about 50% reduction in the overall volume if the thickness of two dielectric layers is taken into consideration.
ANALYSIS AND DESIGN

FSIW Resonator
Since the width and length of double-folded SIW resonator are almost half the size of a SIW resonator, it has approximately the same resonant frequency as the SIW resonator. However, the L-shaped slot has significant effect on the resonant frequency. Figure 2 shows the resonant frequencies versus slot width g and distance s. It is observed that resonant frequency increases with increasing g or s. In our study, we would like to set both g and s as 0.3 mm. (a) (b) Figure 3 . The Q-factors of a double-folded SIW resonator as functions of (a) g, and (b) s.
The double-folded SIW resonator can maintain the resonant modes resembling the TE 101 mode in a conventional waveguide resonator and thus has a similar good Q property. As the radiation loss can be neglected, the in-band insertion loss of the double-folded SIW resonator is determined by the unloaded Q-factor Q u , which is calculated by
where Q c and Q d are the Q-factors due to the conductor and dielectric loss, respectively; Q updown , Q center and Q via are the Q-factors corresponding to the conductor loss in the top and bottom metal plane, center metal plane, and metallic via-holes, respectively. Using full-wave EM simulator-Ansoft HFSS, the estimated Q-factors of double-folded SIW resonator can be extracted. Figure 3 shows the values of Q u , Q updown , Q center and Q via as functions of the slot width g and the distances between the slots and metallic via-holes s. Q d is not given since it does not vary with the changes of g and s. It is observed that loss introduced by the via-holes is very small and can be neglected. The value of Q center increases with increasing g, because of the reduction of the conductor loss of the slots; but for increasing s, the curve has an opposite trend. Since the surface current on the top and bottom plane will increase for wide slots, Q updown decreases as slot width increases. Then, Q u can be improved by increasing slots width g and the distance s. When both g and s are set to 0.3 mm, the extracted Q u , Q updown , Q center , Q via and Q d of the double-folded SIW resonator are around 272, 1283, 816, 6005 and 667 at 9.6 GHz, respectively.
Internal Couplings
As presented in [29] , the negative coupling of two double-folded SIW resonators could be realized by forming a post-wall iris combined with capacitive vanes between them since the electric field is perpendicular to the gap region. The configuration of the negative coupling is shown in Figure 4 . The coupling coefficients can be controlled by the dimensions of the capacitive vanes a and the gap between them b.
The coupling coefficients are calculated by [30] 
where f r1 and f r2 represent the lower and higher resonant frequency, respectively. The numerical analysis can be used to determine the coupling coefficients, as shown in Figure 5 . As a increases, the area of the capacitive vanes will become larger, therefore, the coupling between two double-folded SIW resonators becomes stronger. Meanwhile, the (a) (b) Figure 6 . The coupling mechanism at (a) lower and (b) upper frequencies.
couplings coefficients decrease as the value of b increases since the electric field coupling will become weak with increasing of the gap between two capacitive vanes. Furthermore, when b increased to a certain value, the coupling coefficients will keep unchanged with increasing of a. Figure 6 shows the feed and coupling mechanism of the dual-band BPF based on two coupling paths. The operating frequencies and bandwidths of two passbands can be controlled independently. At lower passband, resonators 1 and 2 generate a signal path from source to load as shown in Figure 6 (a). Because of non-resonance at f 1 , resonators 3 and 4 almost do not affect the response of the lower passband. While at the upper passband, resonators 3 and 4 provide another signal path shown in Figure 6 (b). Resonators 1 and 2 can be neglected due to their little contribution to the upper passband.
Filter Topology and Mechanism
Thus, it is verified that high isolation can be obtained between the two specific passbands of the filter by using this kind of feed and coupling scheme. A simple analysis of the network along the lines shows the loop currents, which are grouped in a vector [I] , are given by a matrix equation of the form [31] [
where [R] is a (n + 2) × (n + 2) matrix with all elements zero, except for R 11 = R n+2,n+2 . 
In order to generate two transmission zeros at two sides of the passband, the product of four coupling coefficients in the coupling matrix [M ] should satisfy M S1 ·M 12 ·M 2L ·M SL < 0, and this means that one of the four coupling coefficients should be negative. Considering the structure symmetry, the topologies with and without source-load coupling are studied here, and the S 21 -parameters of the topology with different internal couplings are plotted in Figure 7 . It is observed that the transmission zero disappears when the source-load coupling is eliminated. As the internal coupling is negative and the source-load coupling is introduced in the topology, two pairs of transmission zeros are introduced at both upper and lower sides of the two passbands simultaneously.
Dual-band Filter Design
Based on the above topology analysis, a multilayer double-folded SIW dual-band BPF is designed in this section. The configuration of the proposed dual-band BPF is shown in Figure 8 . Obviously, the center frequencies of the specific passbands are determined by the size of the double-folded SIW cavities and the value of g and s. Here, in our study, two passbands operate at 10 and 13 GHz, respectively. There are four double-folded SIW resonators denoted by 1, 2, 3 and 4, respectively. In each coupling path, two double-folded SIW resonators are coupled with each other by negative coupling, which is realized by adding two separate capacitive vanes in the gap region [29] . The internal coupling coefficient between two coupled resonators, M 12 or M 34 is determined by dimension of the capacitive vanes a and gap b. As shown in Figure 7 , a pair of transmission zeros are located at the lower and upper side of each passband, respectively, and their relative locations are determined by adjusting the external coupling coefficients Q e . At each specific passband, the Q e is determined by the coupling between coplanar waveguide feed line and resonator 1 or 3, i.e., the length and width of the feed line. It is found that the external quality factors and the coupling coefficients at two specific passbands are independent once the parallel feed scheme is confirmed. This property provides high (a) (b) Figure 9 . The electric field distributions in the multilayer dual-band double-folded SIW BPF: (a) at lower and (b) at upper frequencies.
degree of freedom to control the frequencies and bandwidths of both passbands, respectively. The source-load coupling is magnetic coupling generated by employing a conventional inductive window between two SIW sections. The coupling strength can be conveniently adjusted by controlling the window size. Figure 9 shows the inner electric fields of this multilayer dual-band filter, and there is no mutual coupling between two signal paths.
RESULTS AND DISCUSSIONS
The multilayer double-folded SIW filter prototype shown in Figure 8 is fabricated in a LTCC Ferro-A6 substrate, which has its permittivity of 5.9, its loss tangent of 0.15%, and its uniform dielectric layer thickness of 0.096 mm. Its geometrical parameters are depicted in Figure 8 . Figure 10 shows the photo of the fabricated filter sample. Each doublefolded SIW resonator consists of 4-layer substrate. All metallic vias have a diameter d via = 0.18 mm, and their spacing is p via = 0.43 mm. The feedlines of the multilayer structure are strip lines, and for our measurement, they are connected with the 50 Ω conductor-backed coplanar waveguides (CBCPWs) on the top metal plane. The S-parameters of the filter sample is measured using the Anritsu universal test fixture 3680 K and Anritsu MS4644A vector network analyzer, with a set of coplanar ground-signal-ground (GSG) probes used for our measurement. Figure 11 shows the measured results, together with the simulated ones for comparison. Its measured central frequencies are 10.1 and 13.2 GHz, respectively. At lower passband, it has 3-dB bandwidth of 280 MHz, and the measured in-band return and insertion losses, including the loss from SMA connectors, are better than 16 dB and about 2.2 dB, respectively. Due Figure 10 .
Photo of the fabricated multilayer dual-band double-folded SIW filter. to source-load coupling, there are two transmission zeros on both sides of the lower passband located at 9.52 and 11.23 GHz. The upper passband has a 3-dB bandwidth of 355 MHz. The measured in-band return and insertion losses are better than 17 dB and 2.9 dB, respectively. The two transmission zeros are located at 12.6 and 14.78 GHz. Evidently, the measured results agree well with the simulated ones obtained by commercial software HFSS, except a small frequency shift and a little discrepancy in the in-band insertion loss. This is mainly caused by the inaccuracy in the characterization of relative permittivity of LTCC and its manufacturing tolerance. In addition, the influence of the transition between a pair of GSG probes and CBCPWs will also result in the discrepancy in the simulated and measured in-band insertion losses.
CONCLUSION
A miniaturized multilayer dual-band double-folded SIW BPF is developed using standard LTCC fabrication technology. Two sets of coupling paths between the source and load are adopted so as to achieve dual-band performances. Using this configuration, the operating frequencies of both passbands can be tuned independently, and their bandwidths can be controlled effectively. Four transmission zeros are created to improve the selectivity of the filter due to the source-load coupling. The good RF performance is validated by its simulated as well as measured results. Compared with the dualband bandpass filter implemented with single-layer conventional SIW structures, the size reduction of this multilayer double-folded BPF is about 75%, implying more compact design. Furthermore, the proposed dual-band BPF is easy for fabrication, convenient for integration with planar circuits, and attractive for many applications. 
